The "projected earth system" is put forward as an alternative construction method. The soil from each site is adapted following a specific protocol to make it suitable for spraying. The type of construction and the receiving surface determine the machinery and spraying system used (dry or wet mix). The result will be similar in texture and colour to the original material (in the case of earth walls) or to the surrounding material. 
INTRODUCTION
Earth is an integral part of sustainable architecture (1) in the context of both restoration and new construction. We present the methodology used to adapt soil to the same projection systems currently used with other construction materials, hence the name: "projected earth" (patented).
Most research and advances in the use of earthbased construction materials has focussed on strengthening adobe as a material, or on the study of compressed stabilized earth blocks (CSEB) (2) (3) (4) (5) , which in Spain is the only existing standard governing earthen building materials (6) . There are few standards governing rammed earth construction (7): Zimbabwe introduced the SAZS 724 standard (8) and in India the IS 2110 standard (9) applies to soilcement walls.
The most important advances in rammed earth construction using the "tapial" technique have centred on increasing the density and loadbearing capacity of the earth either by improving the compaction process by replacing earth rammers with small mechanical compactors (in the case of new buildings), or by using hardeners, selecting specific kinds of materials and reinforcing them with natural or artificial fibres (10) (11) . In the context of restoration, attention is focussed on in situ consolidation of such materials (12) , based on the fact that clay-rich soils encountered while building roads or digging foundations must be stabilised and/or consolidated to prevent problems caused by changes in humidity. The material most widely used for this purpose has always been lime.
Other products can also be used to consolidate soils, such as asphalt emulsion, polyvinyl acetate, cellulose, polyvinyl alcohol, plaster, polyacrylamide, rubber emulsions, different types of organic resin and cement-based grout (13) (14) (15) . These products are not always suitable due to the wide variety of textures found in different rammed earth structures or to the poor solubility of Ca (OH) 2 (16) . However, geopolymer binders can be an effective alternative for consolidating earth-based architectural structures, while Izaguirre et al. (17) managed to improve the properties of lime mortars by adding natural polymers (commercial starch).
Most earthwork restoration projects have involved the use of standard lime or cement mortars. These, however, do not bind with the underlying material for a variety of reasons: chemical and mineral incompatibilities, poor permeability, which results in the formation of vapour barriers, or poor adherence, mainly due to the method of application. Other factors can also be involved, such as shrinkage, formation of surface salts, or the use of bonding agents that are stronger (18) than the receiving surface.
At other times, the project requires modern techniques such as micropiling (19) instead of consolidation. This approach enables the earthen element to remain where it was discovered and form an integral part of the new construction.
We therefore propose the Projected Earth System as an alternative application technique, replacing cement or lime mortar with the same earth used in the original construction, albeit prepared according to a protocol. This would guarantee compatibility with the receiving surface and produce an earth-based mortar with the physical, chemical and mechanical properties needed to ensure stability over time.
Before the "Projected Earth" technique was patented in 2005, the only products available for this technique were gunite, shotcrete, at times with added pigments, and more recently earthen plaster.
The main objective of this project is to adapt any kind of soil for use in projection techniques by means of the protocol described here, which has so far given excellent results. We also recommend the best spraying systems (wet or dry mix) and machinery based on the type of project and construction.
MATERIALS AND METHODS

Materials used
Base Material (BM). The material used in this project was Alhambra Formation (20) , which is composed of sand, gravel, and pebbles in a reddish loamy clay matrix. This accounts for 90% of the dry ingredients. This Formation is used in many of the surviving rammed earth constructions in the city of Granada (Spain), including fortifications, dwellings and walls. Table 1a shows the physical and chemical parameters of the BM obtained from tests described in the UNE standard (21-30). Table 1b shows the physical and mechanical parameters obtained Figure 1 shows the granulometric characteristics of the BM and Houben and Doat's (37) grading envelope for soil used in rammed earth constructions (<20% clay and >45% sand). Our BM soil meets these requirements, at least up to silt size (0.06 mm).
The BM is very heterogeneous in texture, a factor that affects not only the coarse but also the fine fraction, silt and clay, which comprise between 22% to 38% of the soil, although this does not affect the suitability of the material, as shown in the grading envelope in Figure 1 .
Under X-ray diffraction crystallography, at <50 µ the soil is mainly composed of phyllosilicates, calcite, dolomite, portlandite and quartz. In terms of mechanical properties, BM has a Standard Proctor (SP) density of 2.06 g/cm 3 (35) and a simple compressive strength (36) of ~3.7 MPa (using PS-type samples with typical optimal humidity of 10%).
Hydrated lime. CL90-S content is 8% of soil weight (38) . White builder's cement (BL22.5X (39)): in this case, content is 2% of soil weight. This binder gives the sprayed BM initial mechanical strength without obstructing air permeability. The aim is not to obtain greater initial adherence to the receiving surface, since this is achieved by the projection pressure and is sufficient to ensure short-term durability.
Additives (40): two types of additives have been used. The first is a superplasticiser to reduce the amount of water needed for spraying. This is a versatile, colourless, high performance additive usually added to cement to increase fluidity without the need for additional water, thereby avoiding shrinkage and loss of mechanical strength. Secondly, after projection, a water repellent is applied to the earth to improve durability. This additive does not waterproof the surface of the sprayed earth, since this would affect transpiration.
The water used meets standard EHE-08 (41) specifications for the manufacture of cement.
Aggregate: this material is needed to improve the gradation of mixtures in which the base material contains over 30% of fines (clay and clayeysilt), to bring this proportion down to 20-25%. The aggregate is white in order to blend in with the structure, and must meet all EHE-08 (41) requirements, or other standards in place worldwide. The aggregate should be limestone or non-reactive silica, although other types can also be used provided they are laboratory-tested to ensure suitability. In the case reported here, 25% of the BM was replaced by 4-8 mm dolomite aggregate.
When a graph is plotted with aggregate particle size, Fuller's ideal grading curve (42) maximum size, Tmax 8, the BM grading envelope (tmax 10) and the resulting BM+ aggregate mixture curve for this size, it can be seen that the 4-8 aggregate fraction reduces the deviation from Fuller's ideal curve until the mixture curve almost matches the latter up to 2 mm sieve size and also significantly reduces the <2 mm particle content. This means that less water is needed to achieve PS density, which remains within approximately the same range ( Figure 2 ).
Methodology
The flow chart in Figure 3 shows both the field and laboratory methodology followed in this study.
Field study and laboratory soil characterisation tests
These allowed us to select a suitable BM collection site, which in turn involved examination of the earth structure to be restored, determining its most important properties in order to subsequently compare them to the BM soil chosen to ensure that it was the most suitable. In the case of roadside embankments, however, the material removed during construction will be analysed for suitability.
In all cases, the soil used for the mixture should be the same as that used in the original structure, which calls for preliminary field tests together with laboratory tests to characterise the soil (Figure 3 ).
Adapting the earth to the requirements of the projected earth system
Since the soil will ultimately be sprayed onto the structure, particles greater that 10 mm were removed from the BM to prevent damage to the pumps and rebound, consistent with the requirements of standard UNE 83-607-94 (43) for projected cement and mortar, size 0-8 mm. After a search of the literature, we chose the BASF grading envelope for sprayed concrete (Degussa grading envelope) (44), Figure 4 . Figure 4 shows how adjustment of the maximum particle size increases the percentage of fines in the silt fraction. This causes the important deviation that, however, starts at sizes under 0.5 mm. The BM is closer to the BASF (44) envelope because it uses finer particles than those required by standard UNE 83-607-94 (43) .
It should be noted that the larger the maximum particle size, the greater the rebound rate, while fines can lead to shrinkage. The BM does not match cement or mortar projection standards due to: (i) a high percentage of fines (between 4% and 9% of fines are needed for sprayed concrete (42)); (ii) too few sand equivalents and low fineness modulus values; however, it does comply with the recommended maximum size of 8-10 mm due to the limitations imposed by the pumping equipment, which in turn minimises rebound. The greatest problem lies in the excess of fines, the quantity of which, however, cannot be reduced since they act as a colouring agent to allow the new earth to blend in with the tone of the structure under restoration, which evidently calls for the addition of higher doses of superplasticisers.
It is sometimes advisable to add white aggregate 4-8. This would help reduce shrinkage of sprayed, hardened earth and also reduce the percentage of fines, if needed (>35%) (42).
Spraying protocol
Several different mixtures were used for physical, mineralogy, mechanical, durability and chemical testing, including a natural and forced carbonation study using different percentages of lime. On the basis of these tests the two most suitable blends (D1 and D2) were chosen, differentiated by the substitution of 25% of BM for aggregate. Blends D1 and D2 were then tested on different spraying guns in order to chose the best equipment (45).
• Piston pump gun for dry mix (DM). Used for sprayed cement and granite.
• Piston pump gun for dry mix (WM). Used for sprayed cement and granite.
• Worm drive gun for wet mix (WMW). Used for sprayed mortar, particularly in building.
In all case similar formwork was used: 1.40 m 2 sheets of chipboard coated on the inside with a threecentimetre layer of BM, attached using a suitable adhesive.
RESULTS AND DISCUSSION
Adapting the material
A predominantly sandy soil with a certain amount of gravel, grit and fines with low to medium plasticity (22-24) (CL and CL-ML) was used, including around 22%-38% of <0.063 mm fraction. Such variations are to be expected when working with this type of granular geological formations classified under the Unified System of Soil Classification (46) as GC, SC, SC-SM and GC-GM. In the case of other formations, given the good results obtained when sprayed, suitable corrections should be made to adjust the mixture to the grading envelopes obtained here, which are in turn very close to those recommended by Houben and Doat (37) .
Authors such as Rodríguez Ortíz (47) recommend the use of low expansion potential soils to prevent the appearance of shrinkage fissures in the sprayed earth. Our BM meets this specification; using the Lambe Determination of Expansivity in a Soil test, potential expansion should be "not critical" (25) .
The density and compressive strength parameters were based on corresponding values obtained in existing walls built in Granada using this type of material and rammed earth techniques (dry density between 1.7-1.75 g/cm 3 and wet density between 1.8-2.0 g/cm 3 ; the real density of the soil should be around 2.6 g/cm 3 ). These parameters have been shown to be particularly durable even after several hundred years.
Using SP energy, density increases significantly with respect to the tamping foot compaction technique, with a dry bulk density [1] of around 2.0 g/cm 3 and a wet density (with around 6% humidity) [2] of around 2.2 g/cm 3 ; logically, real density (G) is the same as indicated above, and compressive strength tested on oven-dried samples is around 3.5 MPa. The MP test was not included in the protocol because the densities and strength obtained after spraying only approach SP values.
These values are associated with an "e" void [3] ratio of <0.3 (<0.4). This, together with dry bulk density (>1.85 g/cm 3 ), among other parameters, allowed us to assign the SP compaction a "very dense" relative compaction value (33) . With regard to the "S r " saturation level [4] , our level of 52% was acceptable since it allowed us to achieve SP density without sacrificing air permeability in compacted soil. The S r values are consistent with the fact that the void ratio continues to decrease as compaction energy, and therefore density, increases, which is solely due to the air being expelled or compressed and dissolved in the water. This would not have been the case if the S r value of the SP had been above 80%-85%, since air permeability is greatly reduced (34) . These S r values and void ratio show that even greater densities could be achieved by increasing compaction energy even above modified proctor (MP) levels. It is safe to say, therefore, that the process, at least in the case of these soils, does not end with MP energy. To define the best blend using dolomite aggregate, different lime and cement dosages were studied in detail, and forced carbonation was tested in a CO 2 chamber. All tests were conducted using the same protocol and samples manufactured with SP energy (Table 2 ).
In summary, Table 3 shows the most important physical and mechanical parameters considered in samples manufactured using different blends both before and after spraying. The first are manufacturing using SP energy and the second by ex tracting 5 cm cores using a diamond bit cement sampler (48).
Spraying Method
Several spray tests were needed to determine the best system (dry or wet mix) and spray gun according to the type and scope of the restoration or construction project.
The dry mix system is not recommended, since this causes significant segregation as the mixture is projected from the nozzle. When the mixture was sprayed, a large quantity of aggregate was separated from the soil by the pressure of the compressed air, and subsequently lost; it was impossible to determine the exact aggregate content of the sprayed mixture. We also noted a slight delay between projection of the dry mass and the water, making it impossible to control the volume of water added and to add a water reducing agent (superplasticiser).
The wet mix spray gun, meanwhile, had several advantages, including control of (i) added water, (ii) superplasticiser, (iii) and binders. This gave an evenly blended, dense and strong spray mixture while reducing rebound and poor adhesion.
Samples were taken of the sprayed mixture from different guns: DM, WM and WMW and the density and compressive strength were compared with the same results from the SP compaction tests using the same dosages ( Table 4) .
The mechanical strength of the mixture sprayed from the smallest gun (WMW), once totally dry, ranges from 3.8 to 4.2 MPa. This will increase over time due to the effect of natural carbonation. In the case of spray guns typically used in civil engineering works (WM), strength ranges from 4.3 to 4.8 MPa.
Spray tests were also crucial in establishing the order in which the ingredients are added to the Based on the test results, the following was determined to be the best order: first, all the water content, then all the cement + lime, half the soil, half the superplasticiser, half the soil and finally half the superplasticiser. If anti-shrinkage agents are used, these should be added at the end of the foregoing stages. Figure 5 shows the density and strength of the earth samples plotted on Houben's (15) graph for other earth-based construction systems. It can be seen that density and strength are similar to that of rammed earth walls, which has from the outset been one of the aims of this project. Figure 6 shows the practical application of the protocol described in this manuscript. In this case, projected earth was used to restore a rammed earth wall built using the calicastrado technique, in which a layer of lime slurry is applied between each block of earth. Seven years later, we can safely attest to the excellent durability of the restoration, even without the application of a layer of water-repellent. The soil used was the same as that used in the original construction, ensuring compatibility in terms of texture and colour.
APPLICATIONS
This projected earth technique has three possible applications: 1. Restoration of earthen structures. In this case it can be used to coat the structure or to compensate for lost material. 2. As an alternative building material in the context of sustainable architecture. 3. As a means of protecting previously stabilised roadway embankments and adapting them to the surroundings (restoration). This would prevent damage from years of erosion and would greatly benefit the environment by reducing the visual impact of such constructions.
CONCLUSIONS
The same earth as the original structure is always used to give the sprayed earth the same physical, chemical and mechanical properties as the receiving structure and ensuring it is consistent in terms of colour and texture. When spraying projected earth Restoration of a rammed earth structure using projected earth with the formula BM+25% dolomite aggregate+8% lime+2% cement 22.5 (sample taken two years after spraying). on to a damaged rammed earth structure, earth from the surroundings should be used to ensure it is similar to that used in the original construction.
In the a new earth building, earth should be taken from a nearby site to ensure the colour and texture of the finished building is compatible with the surroundings. Projected earth is an effective method of repairing damage using material with the same texture and colour while meeting acceptable standards of density and strength and ensuring excellent adherence to the receiving surface.
In the absence of official standards for this technique, we hope this test protocol will help adapt other soils for use with sprayed mortar techniques.
We propose this BM soil as a standard. Grading envelopes should be adjusted to the particle sizes put forward here, and SP-type samples should be tested in the laboratory to ensure they have 40% more compressive strength than that required by the finished, sprayed earth mortar.
It is important to bear in mind that the mixing order outlined here is unique to projected earth, and is not similar to that used in any other material. The volume of water added should be adjusted to account for the humidity of the source soil (25) . First, add all the water, then the cement-lime mixture, half the soil, half the superplasticiser (40) , half the soil and finally half the superplasticiser. If anti-shrinkage agents are used, these should be added at the end of the foregoing stages. For reasons of performance and projection pressure, piston pump guns (mainly used in civil engineering projects) should not be used in the restoration of rammed earth structures, although they are suitable for restoration of roadway embankments or other surfaces that can withstand such pressure.
During the restoration or building process, antishrinkage materials should be used, such a glass or organic fibre or dramix-type steel fibre, although the latter are not suitable for worm drive guns since they cause obstructions in the nozzle. Mesh made of plastic or other materials can also be sandwiched between layers or projected earth.
Durability was tested by means of accelerated ageing, water resistance, rain resistance, ice and salt spray tests; based on the results obtained, we recommend applying a water repellent to the finished surface.
